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1TECHNICAL MEMORANDUM
ANALYSIS OF THE ABILITY OF UNITED STATES AND RUSSIAN TRACE 
CONTAMINANT CONTROL SYSTEMS TO MEET U.S. 180-DAY AND RUSSIAN 
360-DAY SPACECRAFT MAXIMUM ALLOWABLE CONCENTRATIONS
1.  INTRODUCTION
 Analysis of the ability of the United States (U.S.) and Russian trace contaminant control 
systems (TCCSs) to comply with proposed U.S. 180-day and Russian 360-day spacecraft maxi-
mum allowable concentrations (SMACs) has been conducted to determine whether any impacts to 
operations, logistics, or hardware design are necessary. The analysis is an extension of work done to 
assess the U.S. TCCS’s capabilities to meet 180-day SMACs proposed by NASA’s Chief Scientist for 
Toxicology and approved by the National Research Council’s Committee on Toxicology Subcom-
mittee on SMAC Guidelines for Space Station. In addition, the analysis improves on the evalua-
tion presented by reference 1. The analysis uses the most recent information for trace contaminant 
generation rates obtained from the Spacelab program and mass properties information from the 
International Space Station program (ISSP). Operational aspects of the ISSP and spacecraft buildup 
are not considered in the analysis; however, the results may be extrapolated to the buildup phases if  
necessary.
22.  BACKGROUND
 As part of the effort to provide the crewmembers aboard the International Space Station 
with a safe cabin environment, new long-duration SMACs have been developed for continuous 
exposures of 180 days or more. With the addition of Russian modules to the ISS, which comprise 
a large portion of the overall Station, it has been necessary to address the issue of a joint atmo-
spheric quality standard. Russian Space Agency (RSA) personnel have provided information on 
SMACs for 32 chemical compounds commonly found onboard the Mir 1 spacecraft (table 1). As 
shown by table 2, NASA developed long-duration SMACs for 28 of the 32 chemical compounds 
addressed by the RSA. Table 3 compares the air quality standards for compounds that are common 
between the RSA and NASA air quality standard listings. It can be seen that, in several instances, 
the Russian SMACs are more stringent than those set by NASA. Resolution of these differences 
to adopt an atmospheric quality standard that is acceptable for an international crew is necessary 
for proper Station integration and operations to exist. Since the SMACs not only impact the crew-
members’ health, analysis of the potential impact on the design of active contamination control 
systems has been conducted to determine whether any design or operations changes are necessary. 
This analysis is for the permanent human presence capability phase of the Station when all the ele-
ments will be present on orbit.
3Table 1.  Russian spacecraft air quality standards.
Contaminant
Spacecraft Maximum Allowable Concentration (mg/m3)
15-Day 30-Day 60-Day 90-Day 180-Day 360-Day
Methanol – – – – – 0.2
Ethanol – – – – – 10
n-butanol – – – – – 0.8
Phenol – – – – – 0.1
Ethylene glycol 100 – – – – 10
Methanal – – – – – 0.05
Ethanal 1 1 1 1 1 1
Benzene – – – – – 2
Isopropylbenzene – – – – – 0.5
Methylbenzene – – – – – 8
Dimethylbenzene (o-,m-,p-) – – – – – 5
Styrene – – – – – 0.25
Ethyl acetate – – – 4 4 4
n-butyl acetate – – – – – 2
1,2-dichloroethane – – – – – 0.5
Octafluoropropane – – – – – 150
Cyclohexane – – – – – 3
Methane 3,342 3,342 3,342 3,342 3,342 3,342
Heptane – – – – – 10
Octane – – – – – 10
Total hydrocarbon 100 50 50 50 20 20
2-propanone 5 3 1 1 1 1
2-butanone – – – – – 0.25
Hydrogen sulfide – – – – – 0.5
Nitric oxide 0.4 0.4 0.4 0.4 0.1 0.1
Acetic acid 10 5 5 5 2 1
Ammonia 5 2 2 1 1 1
Hydrogen 1,677 1,677 1,677 1,677 1,677 1,677
Carbon monoxide 10 10 10 10 5 5
Hydrogen fluoride – – – – – 0.05
Hydrogen chloride – – – – – 0.05
Hydrogen cyanide – – – – – 0.03
4Table 2.  Comparison of Russian and NASA spacecraft air quality standards.
Trace Contaminant
Spacecraft Maximum Allowable Concentration (mg/m3)
15-Day 30-Day 60-Day 90-Day 180-Day 360-Day
NASA Russia NASA Russia NASA Russia NASA Russia NASA Russia NASA Russia
Methanol 9 – 9 – – – – – 9 – – 0.2
Ethanol 93.5 – – – – – – – – – – 10
n-butanol 120.7 – – – – – – – – – – 0.8
Phenol 7.68 – – – – – – – – – – 0.1
Ethylene glycol 126.3 100 – – – – – – – – – 10
Methanal 0.05 – 0.05 – – – – – 0.05 – – 0.05
Ethanal 4 1 4 1 – 1 – 1 4 1 – 1
Benzene 0.32 – – – – – – – – – – 2
Isopropylbenzene 73.3 – – – – – – – – – – 0.5
Methylbenzene 60 – 60 – – – – – 60 – – 8
Dimethylbenzene 
(o-,m-,p-) 220 – 220 – – – – – 220 – – 5
Styrene 42.5 – – – – – – – – – – 0.25
Ethyl acetate 179.3 – – – – – – 4 – 4 – 4
n-butyl acetate 189.1 – – – – – – – – – – 2
1,2-dichloroethane 43.1 – – – – – – – – – – 0.5
Octafluoropropane 0.13 – – – – – – – – – – 150
Cyclohexane 205.2 – – – – – – – – – – 3
Methane 3,800 3,342 3,800 3,342 – 3,342 – 3,342 3,800 3,342 – 3,342
Heptane 204.5 – – – – – – – – – – 10
Octane 348.9 – – – – – – – – – – 10
Total hydrocarbon – 100 – 50 – 50 – 50 – 20 – 20
2-propanone 710.4 5 – 3 – 1 – 1 – 1 – 1
2-butanone 30 – 30 – – – – – 30 – – 0.25
Hydrogen sulfide 5.58 – – – – – – – – – – 0.5
Nitric oxide 6.08 0.4 – 0.4 – 0.4 – 0.4 – 0.1 – 0.1
Acetic acid 7.4 10 – 5 – 5 – 5 – 2 – 1
Ammonia 7 5 7 2 – 2 – 1 7 1 – 1
Hydrogen 340 1,677 340 1,677 – 1,677 – 1,677 340 1,677 – 1,677
Carbon monoxide 10 10 10 10 – 10 – 10 10 5 – 5
Hydrogen fluoride 0.5 – – – – – – – – – – 0.05
Hydrogen chloride 1.49 – – – – – – – – – – 0.05
Hydrogen cyanide 1.1 – – – – – – – – – – 0.03
5Table 3.  Priority long-duration SMACs for airborne contaminants.
Compound
NHB 8,060.1B 
7-Day SMAC 
(mg/m3)
1-Hr 
SMAC 
(mg/m3)
24-Hr 
SMAC 
(mg/m3)
7-Day 
SMAC 
(mg/m3)
30-Day 
SMAC 
(mg/m3)
180-Day 
SMAC 
(mg/m3)
Methane* 1,771 3,800 3,800 3,800 3,800 3,800
1,3-butadiene 221.2 4 4 0.7 0.3 0.13
Methanol 52.4 40 13 9 9 9
2-propanol 60.09 1,000 240 150 150 150
Methanal 0.12 0.5 0.12 0.05 0.05 0.05
2-propenal 0.11 0.2 0.08 0.03 0.03 0.03
Ethanal 54 20 10 4 4 4
2-butanone 59 150 150 30 30 30
Benzene 0.32 NA NA NA NA NA
Dimethylbenzenes 86.8 430 430 220 220 220
Methylbenzene 98.13 60 60 60 60 60
Chloroethene 0.26 330 75 3 3 3
Dichloromethane* 86.8 350 120 50 20 10
Dichloroethyne 0.1 2.4 0.16 0.12 0.10 0.06
1,2-Dichloroethane 98.97 2 2 2 2 1
Trichloroethene 0.54 270 60 50 20 10
1,1,2-trichoro-1,2,2-trifluoroethane 383 400 400 400 400 400
2-ethoxyethanol 73.7 40 40 3 2 0.3
Trimethylsilanol 1.8 600 70 40 40 40
Octamethyltrisiloxane 114 4,000 2,000 1,000 200 40
Methyl hydrazine 0.08 0.004 0.004 0.004 0.004 0.004
Nitromethane 0.1 65 40 18 18 13
2,3-benzopyrrole 0.48 5 1.5 0.25 0.25 0.25
Hydrogen* 247.3 340 340 340 340 340
Carbon monoxide* 28.6 60 20 10 10 10
Carbon dioxide 7,102.5 23,000 23,000 13,000 13,000 13,000
Hydrazine 0.05 5 0.4 0.05 0.03 0.005
Nitrogen dioxide 0.94 NA NA NA NA NA
Ammonia* 17.4 20 14 7 7 7
Mercury 0.006 0.1 0.02 0.01 0.01 0.01
* Denotes TCCS design driver. NA = Not available. Note: All SMACs are at standard temperature and pressure.
63.  ANALYSIS SUMMARY
3.1  Assumptions and Spacecraft Data
 The analysis conducted uses the trace contaminant generation rates documented in appen-
dix A. These rates are based on off-gassing tests and mass properties data collected from six 
Spacelab module missions. They are considered to be excellent predictions of the early off-gassing 
rates from spacecraft hardware, especially since the U.S. hardware used onboard the ISS will meet 
the same material selection, control, and off-gassing test criteria as the Spacelab program. Mass 
properties data listed in table 4 were used to derive the equipment off-gassing rate. The metabolic 
contribution from six crewmembers was added to arrive at the final generation rate. Element vol-
umes used are shown in table 5. It was assumed that the Russian modules would add an additional 
70 m3 to the ISS volume and an additional 15,000 kg of internally mounted hardware. These 
numbers are based on a best guess of the size and comparisons to Spacelab modules. It also has 
been assumed that the materials used onboard the Russian modules are similar to those used in the 
U.S., European, and Japanese modules. Whether these assumptions are correct or not, the analysis 
should provide a reasonable estimate of the respective abilities of the U.S. and Russian TCCS units 
to control trace contaminants below the proposed U.S. 180-day and Russian 360-day SMACs. If  
significant errors are found in these assumptions, the analysis can be repeated to correct the results.
Table 4.  Element internal hardware mass properties.
Element
Internal Hardware Mass 
(kg)
U.S. Laboratory Module 11,307
U.S. Habitation Module 14,937
Node 1 7,221
Node 2 7,359
Japanese Experiment Module 14,152
Columbus APM 6,994
Russian Segment 15,000
Simultation Total 76,970
7Table 5.  Element internal free volumes.
Element
Internal Hardware Mass 
(kg)
U.S. Laboratory Module 74.2
U.S. Habitation Module 74.2
Node 1 43.3
Node 2 43.7
Japanese Experiment Module 90.2
Japanese Airlock 2.4
Japanese Logistics Module 31.6
Columbus APM 99.1
U.S. Logistics Module 59.9
Pressurized Docking Adapter 8.5
Cupola 1.3
Airlock 23.5
Mini Logistics Module 30.0
Russian Segment 170.4
Total for Simulation 752.3
3.2  Trace Contaminant Control Systems Hardware Summaries
 The TCCS hardware process flow diagrams used for the analysis are shown in figures 1 and 2. 
Characteristics of the two units are summarized in tables 6 and 7. It should be noted that the cata-
lytic oxidation unit provided in the Russian life support module has not been included because not 
enough information has been provided for it to be included in the simulation. When information 
becomes available, it can be added and a more representative performance prediction for methane 
control by the Russian TCCS can be determined. In all cases, the contaminant control contribution 
from absorption by humidity condensate has been included as a lumped parameter. This method 
may not be the most accurate approach and may result in low predictions for contaminant removal 
via humidity condensate because the removal efficiency calculation used in the simulation is pro-
portional to the cabin contamination concentration divided by the ratio of condensate flow to gas 
flow plus the ratio of the Henry’s law constant to total cabin pressure. By lumping condensing heat 
exchanger contributions together, the denominator can be increased by up to a factor of 4 or more 
causing the projected condensate removal to be reduced by that factor. Until more detailed informa-
tion of the ISS humidity control systems can be obtained though, the lumped condensate removal 
approach will continue to be used. This is actually a conservative approach since the condensate 
removal route does not become dominant. 
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Figure 1.  Baseline TCCS process flow diagram.
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Figure 2.  Mir microimpurity adsorption device schematic.
9Table 6.  U.S. TCCS hardware characteristic.
Characteristic Value
Charcoal bed flow rate 15.1 m3/hr
Catalytic oxidizer/LiOH bed flow rate 4.1 m3/hr
Charcoal bed dimensions 0.58 m long; 0.32 m diameter
LiOH bed dimensions 0.234 m long; 0.129 m diameter
Charcoal bulk density 490 kg/m3
LiOH bulk density 442 kg/m3
Table 7.  Russian TCCS hardware characteristics.
Characteristic Value
System flow rate 20 m3/hr
Expendable charcoal bed dimensions 0.225 m long; 0.2 m outside diameter; 0.161 m inside diameter
Regenerable charcoal bed dimensions 0.295 m long; 0.25 m diameter
Catalytic oxidizer dimensions 0.025 m long; 0.225 m diameter
Charcoal bulk density 513 kg/m3
 The Russian TCCS charcoal performance is assumed to be similar to that of the charcoal 
used for the U.S. TCCS. Information on charcoal loading provided by Alexander Raibkin of NPO 
Energia at a meeting in Houston, Texas, on March 30, 1994, showed that the equilibrium loading 
for isopropylbenzene was 0.43 cm3 of liquid/gram of charcoal. Comparison of this loading to the 
characteristic curve documented in reference 2 for the Barnebey-Sutcliffe type 3032 charcoal used 
in the U.S. TCCS shows that the Russian TCCS charcoal behaves similarly. Therefore, this simula-
tion should be a good estimate of Russian hardware performance. The characteristic curves for this 
charcoal are found in appendix B.
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4.  ANALYSIS RESULTS
 Five cases were run using the Trace Contaminant Control Simulation Computer program 
documented in NASA TM-108409.3 One case each was run with the Russian TCCS and the U.S. 
TCCS controlling to the U.S. 180-day SMACs and the Russian 360-day SMACs. One case was run 
with both the U.S. and Russian TCCS units operating simultaneously to determine whether the 
Russian SMACs for methanol, n-butanol, phenol, and 2-butanone could be met with both systems 
operating. Table 8 shows the performance of each TCCS unit with respect to the U.S. 180-day 
SMACs while table 9 shows the performance of the three cases run relative to the Russian 360-day 
SMACs. Both the Russian and U.S. TCCS units are capable of controlling trace contaminants 
below the U.S. 180-day SMACs with minimal contribution from the condensing heat exchang-
ers. The Russian SMACs, on the other hand, cannot be met for methanol, n-butanol, phenol, and 
2-butanone. Even running both the Russian and U.S. TCCS units simultaneously cannot meet the 
Russian 360-day SMACs for these compounds. To control these compounds, the trace contami-
nant control flow rate would have to be increased to at least 201.4 m3/hr to control the worst case, 
2-butanone. Control for methanol, n-butanol, and phenol would require 47.6, 66.6, and 66.7 m3/hr, 
respectively, to meet the Russian 360-day SMACs. More detailed information on the five computer 
runs can be found in appendices C through G.
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Table 8.  Performance of U.S. and Russian TCCS units 
 with respect to U.S. 180-day SMACs.
Contaminant
180-Day SMAC 
(mg/m3)
Predicted Cabin Concentration
U.S. TCCS 
(mg/m3)
Russian TCCS 
(mg/m3)
Methanol 9 0.37 0.45
2-propanol 150 0.95 0.83
Methanal 0.05 0.00000077 0.00000079
Ethanal 4 0.13 0.28
2-propenal 0.03 0.0031 0.0024
Methylbenzene 60 0.70 0.54
Dimethylbenzene 220 2.63 2.02
2-ethoxyethanol 0.3 0.17 0.16
Chloroethene 3 0.0039 0.0015
Dichloromethane 10 7.60 5.08
Dichloroethyne 0.06 – –
1,2-dichloroethane 1 0.046 0.035
Trichloroethene 10 0.030 0.023
1,1,2-trichloro-1,2,2-trifluoroethane 400 12.27 9.48
Methane 3,800 39.73 116
1,3-butadiene 0.13 0.0025 0.0020
2-butanone 30 0.75 0.71
Hydrazine 0.005 – –
Methyl hydrazine 0.004 – –
Nitromethane 13 0.12 0.065
2,3-benzopyrrole 0.25 0.004 0.0041
Hydrogen 340 1.59 0.37
Carbon monoxide 10 4.62 1.06
Ammonia 7 0.027 0.028
Octamethyltrisiloxane 40 0.19 0.15
Trimethylsilanol 40 0.10 0.078
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Table 9.  Performance of U.S., Russian, and combined U.S./Russian TCCS units 
 with respect to Russian 360-day SMACs.
Contaminant
360-Day SMAC 
(mg/m3)
Predicted Cabin Concentration
U.S. TCCS 
(mg/m3)
Russian TCCS 
(mg/m3)
Combined 
(mg/m3)
Methanol 0.2 0.37 0.45 1.26
Ethanol 10 3.76 3.01 4.95
n-butanol 0.8 2.49 2.06 1.49
Phenol 0.1 0.44 0.33 0.19
1,2-ethanediol 10 0.0054 0.0041 0.0024
Methanal 0.05 0.00000077 0.00000079 0.0000040
Ethanal 1 0.13 0.28 0.13
Benzene 2 0.014 0.011 0.0060
Isopropylbenzene 0.5 0.0057 0.0043 0.0025
Methylbenzene 8 0.70 0.54 0.30
Dimethylbenzene 5 2.63 2.01 1.14
Vinylbenzene 0.25 0.021 0.016 0.0092
Ethyl acetate 4 0.17 0.14 0.082
n-butyl acetate 2 0.47 0.36 0.21
1,2-dichloroethane 0.5 0.046 0.035 0.020
Octafluoropropane 150 – – –
Cyclohexane 3 0.32 0.24 0.14
Methane 3,342 39.73 116 39.73
Heptane 10 0.025 0.019 0.011
Octane 10 0.0075 0.0057 0.0032
Total hydorcarbon 20 – – –
2-propanone 1 0.00035 0.00028 0.00018
2-butanone 0.25 0.75 0.71 1.18
Hydrogen sulfide 0.5 0.0038 0.013 0.0051
Nitric oxide 0.1 – – –
Acetic acid 1 0.0001 0.000099 0.00025
Ammonia 1 0.027 0.028 0.19
Hydrogen 1,677 1.59 0.37 0.30
Carbon monoxide 5 4.62 1.06 0.86
Hydrogen fluoride 0.05 – – –
Hydrogen chloride 0.05 – – –
Hydrogen cyanide 0.05 – – –
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5.  CONSIDERATION OF GENERATION RATE DECAY WITH TIME
 It has been recognized that trace contaminant generation rates may decay significantly over 
time. The rates used for analysis are based on new hardware and the decay over time is not consid-
ered. Little information concerning generation rate decay has been collected; however, a good refer-
ence has been the work conducted by Olcott documented in NASA CR-2027 in May 1972.4 In this 
report,  a curve, shown here as figure 3, showing the generation rate-time relationship for 20 typical 
spacecraft materials is presented. This curve shows at least a 90% reduction in generation rate over 
a period of 45 days. Since most spacecraft hardware is more than 45 days old, it can be assumed 
that rates may decay by 95% to 99% by the time it is launched. Given this assumption, the U.S. and 
Russian TCCS units would easily be capable of meeting both the U.S. 180-day and Russian 360-day 
SMACs. The flow rate projection to meet the 2-butanone 360-day SMAC, with between a 5% and 
10% safety margin is 20 m3/hr.
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Figure 3.  Nonmetallic average contaminant off-gassing rates for 20 typical spacecraft
 nonmetallic materials.
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 A second consideration for this effect is the impact on TCCS logistics and life cycle oper-
ating costs. Using the guidelines for replacing the expendable charcoal beds, both the U.S. and 
Russian TCCS units would have to have fresh expendable beds every 90 days. This is based on the 
breakthrough of dichloromethane for the U.S. TCCS unit and the breakthrough of compounds 
having a molecular weight greater than 80 gm/mole for the Russian TCCS unit. If  generation rates 
decay significantly over the first 180 days, these beds may last at least 2.5 years before having to be 
replaced. Longer bed life may be realized by monitoring the cabin atmosphere on orbit and deter-
mining whether the beds have to be replaced based on observed cabin atmospheric quality trends. 
This life estimate is consistent with the Russian hardware estimate of up to a 3-year expendable  
bed replacement interval.
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6.  CONCLUSIONS
 Based on the conservative assessment of U.S. and Russian TCCS capabilities, the following 
conclusions are made:
• Both the U.S. and Russian TCCS units operating independently can meet the U.S. 180-day 
SMACs using conservative generation rates and minimal assistance from condensing heat 
exchanger contribution.
• Both the U.S. and Russian TCCS units operating independently cannot meet the Russian 360-day 
SMACs for methanol, n-butanol, phenol, and 2-butanone using conservative generation rates 
and minimal assistance from condensing heat exchanger contribution.
• The flow rate to meet all the Russian 360-day SMACs is estimated to be 201.4 m3/hr for the  
conservative generation rates.
• Consideration of equipment aging effects on contaminant generation rates results in at least 
a  90% to 95% net reduction in contaminant generation rates.
• The flow rate required to meet all the Russian 360-day SMACs, including 2-butanone, is at least 
20 m3/hr.
• A flow rate of 20 m3/hr should provide up to a 10% margin of safety if  contaminant generation 
rate decay is according to that documented in NASA CR-2027.4
16
7.  RECOMMENDATIONS
 The ability of the U.S. and Russian TCCS units to effectively control trace contaminants 
to levels below the U.S. 180-day and Russian 360-day SMACs is strongly related to the generation 
rates of the individual contaminants. The increase of flow rate for trace contaminant control pur-
poses by at least a factor of 10 does not appear to be prudent given the resource constraints fac-
ing the ISSP. Since material selection and control and equipment aging can have a direct influence 
on contaminant generation rates and, therefore, the life cycle economics of the TCCS units used 
onboard the ISS, the following recommendations are made:
• A better understanding of the Russian material selection and control process needs to 
be obtained and a comparison made to NASA’s program to determine whether Russian 
equipment trace contaminant generation rates can be expected to be similar to those 
observed from NASA spacecraft hardware.
• A better understanding of the effects of equipment aging on generation rate needs to be 
obtained to avoid unnecessary overdesign and life cycle maintenance costs for providing 
adequate trace contaminant control. Data supporting these effects need to be gathered or, 
if  it already exists, reviewed thoroughly.
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APPENDIX B—CHARACTERISTIC CURVES FOR ACTIVATED CHARCOAL
 Appendix B shows the adsorption potential plot for Barnebey Sutcliffe Type 3032 phos-
phoric acid-treated charcoal.
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APPENDIX C—U.S. TCCS CONTROLLING TO U.S. 180-DAY SMACs
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